Background: In the setting of prosthetic joint infections treated with a two-stage procedure, spacers can be sonicated after removal. We hypothesize that the sonication process may cause an increased elution of antibiotics from the spacer, leading to elevated concentrations of antibiotics in the sonication fluid inhibiting bacterial growth. We aimed to evaluate in vitro the influence of sonication on the elution of antibiotics from polymethyl methacrylate (PMMA) over time and to determine whether these concentrations are above the minimum inhibitory concentrations (MIC) for microorganisms relevant in prosthetic joint infections. Methods: PMMA blocks impregnated with vancomycin, fosfomycin, gentamicin or daptomycin were incubated in phosphate-buffered saline (PBS) at 37°C for up to 6 weeks. PBS was changed once a week. Concentrations were determined from samples of each antibiotic every week, and after 5 minutes of sonication at 2, 4 and 6 weeks. Results: With sonication there was a trend toward an increase of the elution of antibiotics. This increase was significant for vancomycin at 2 and 4 weeks (p=0.008 and 0.002 respectively) and for fosfomycin at 2 weeks (p=0.01).
Introduction
Prosthetic joint infections represent one of the most serious complication after prosthetic joint implantation with a cumulative incidence of 1-2% over the lifetime of the prosthetic joint [1] . In Europe, surgical site infections occur with a cumulative incidence of 1.2 % for hip arthroplasties and 0.8% for knee arthroplasties [2] . Sonication of explanted prosthetic implants is known to increase detection of prosthetic joint infection [3] [4] [5] .
According to the current guidelines [1] , patients with prosthetic joint infections with symptoms lasting more than 3 weeks are candidates for an exchange procedure. Depending on the germ, the resistance profile, the soft tissue situation and other factors, the treating team has to choose between a one-stage or a two-stage procedure [6] . The strategy of a two-stage procedure consists of prosthetic component and complete cement removal as well as debridement of infected tissue, followed by implantation of an antibiotic-impregnated bone cement spacer [1, 7, 8] .
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After an interval of 2 to 8 weeks [6, 9] , the second stage procedure is performed with reimplantation of a definitive prosthetic joint. Given that the spacer can act as a foreign-body on which microorganisms can adhere and form biofilms [10, 11] , it can be sonicated after removal in order to detect possible microorganisms. Acrylic bone cement consists of copolymer of acrylic acid and acrylic esters leading to a higher hydrophilicity compared to pure PMMA [12] . In addition to this, Bettencourt et al. [13] showed that under contact with fluids, the cement surface is changing to a more hydrophilic state. Antibiotic release from bone cement depends on the surface and the water-absorbing properties of the cement [12] . Antibiotic loaded bone cement are used in clinical practice for the treatment of osteomyelitis and prosthesis infection and have proven to be able to maintain therapeutically relevant levels of antibiotics [14] .
Some in vitro studies have shown that low-frequency ultrasound could increase the release of gentamicin [15] or vancomycin [16] from acrylic bone cement. We hypothesize that the sonication process may cause an increased elution of antibiotics from PMMA, leading to elevated concentrations in the sonication fluid inhibiting bacterial growth (false negative cultures).
We aimed to evaluate in vitro the influence of sonication on the elution of antibiotics from PMMA over time (up to 6 weeks in accordance with our clinical practice for the two-stage exchange procedure) and to determine whether these concentrations are above the minimum inhibitory concentrations (MIC) for microorganisms relevant in prosthetic joint infections.
Methods
Test specimens were made of 5.0 g of cement powder, containing undermentioned amount of antibiotics, and 2.5 ml of monomer liquid. First, a spatula was used to mix the two components in a bowl at room temperature and finally round specimens (height = 15.0 mm and diameter = 6.0 mm) were formed by using predefined forms (stainless steel with 20 drill holes). PMMA blocks impregnated with vancomycin (2 g/40 g PMMA), gentamicin (0.5 g/40 g PMMA), daptomycin (1.5 g/40 g PMMA) or fosfomycin (1.5 g/40 g PMMA) were placed in 15 ml Falcon tubes containing 5 ml phosphate-buffered saline (PBS). Vancomycin, daptomycin and fosfomycin cements contains in addition 0.5 g/40 g PMMA of gentamicin. These loads of antibiotics correspond to the formulation of bone cement used in clinical practice for spacers (i.e. Copal® G+V, Heraeus Medical GmbH, Germany). Tubes were incubated statically at 37°C for up to 6 weeks in order to mimic human conditions. The PBS was changed once a week in order to imitate the physiological turn-over and to prevent to build up high concentrations that could limit further release. Samples, in triplicate, were taken every week, before changing the PBS, in order to determine the antibiotic release over time. In addition, at 2, 4 and 6 weeks, tubes containing each antibiotic and PBS in triplicate were sonicated for 5 minutes at a frequency of 40 Hz, then samples were taken in order to determine the effect of sonication on the release. Sonicator BactoSonic (Bandelin GmbH, Berlin, Germany) was used.
Samples were stored in -80°C until all samples have been collected. The antibiotic concentrations were determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The lower limits of quantification were 0.1 μg/mL for vancomycin and daptomycin, 0.5 μg/mL for gentamicin and 1.0 μg/mL for fosfomycin.
In order to determine whether these concentrations are above the minimum inhibitory concentrations (MIC) for microorganisms relevant in prosthetic joint infections, we used breakpoint tables from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) [17] , which are summarized in table 1. 
Pseudomonas spp.
Enterococcus spp.
Gram positive anaerobes
For statistical analysis, unpaired t test was performed using Prism 5.0 (GraphPad Software, La Jolla, CA). A P value <0.05 was considered to be significant. Results are presented as mean and standard deviation of triplicate experiments.
Results
The release of antibiotics during 6 weeks of incubation in PBS is shown in Figure 1 . A burst release was observed during the first week of incubation for fosfomycin, daptomycin and gentamicin with mean concentrations of 414.3 µg/ml, 31.4 µg/ml and 83.2 µg/ml respectively. These concentrations are 13-30 times higher the MIC for most bacteria relevant in the context of prosthetic joint infections. Release of vancomycin was stable over the 6 weeks with a mean concentration between 6.6 and 8.8 µg/ml (7.9 µg/ml during the first week) and are above the MIC for most bacteria.
Fosfomycin concentration decreased to 13.3 µg/ml after 2 weeks of incubation and became undetectable after 6 weeks. Daptomycin concentrations decreased gradually from 5.9 µg/ml after 2 weeks to 2.6 µg/ml after 6 weeks. These concentrations remain above the MIC. Concentrations of gentamicin decreased from 17.8 µg/ml after 2 weeks to 6.0 µg/ml after 6 weeks and these values remain above the MIC. Figure 2 shows the effect of sonication on the antibiotic release from PMMA at 2, 4 and 6 weeks of incubation. With sonication process, there was a trend toward an increase in the elution of antibiotics. A significant increase in concentrations after sonication was observed for vancomycin at 2 weeks (10.6 µg/ml vs 8.6 µg/ml, p=0.008) and 4 weeks (12.3 µg/ml vs 8.8 µg/ml, p=0.002) and for fosfomycin at 2 weeks (19.6 µg/ml vs 13.3 µg/ml, p=0.01).
Considering the MIC for most relevant bacteria in the setting of prosthetic joint infection, concentrations of vancomycin always remained above the MIC. Daptomycin and gentamicin concentrations decreased but remained above MIC at 4 and 6 weeks. On the other hand, fosfomycin concentrations were below the MIC, except for the elution at the first week.
Discussion
The major finding of this study was a trend toward an increase in antibiotics elution from PMMA after sonication process. Although significant difference was only found for vancomycin and fosfomycin, this trend was observed for all studied antibiotics and remained over time, up to 6 weeks. This observed effect could play a role in clinical results, especially for daptomycin and gentamicin for which the concentration of antibiotics at 4 and 6 weeks were close to the MIC.
Our results are in agreement with the work of Wendling et al. [16] who found that low-frequency ultrasound (25.5 kHz) increase elution of vancomycin from PMMA, and with the study of Hendriks et al. [15] that showed an increased release of gentamycin from bone cement using ultrasound at 46.5 kHz frequency. The present study used sonication at 40 kHz. The selected intervals of 2,4 and 6 weeks for sonication process correspond to different potential time points in clinical practice for reimplantation [1, 6, 9] . Our results support the hypothesis that sonication could lead to false negative results in clinical practice, in the setting of two-staged exchange procedure.
Observed elution rate of antibiotics were close to in vitro experiment of Galvez-Lopez [18] for gentamicin, vancomycin and daptomycin, although antibiotic concentrations in the cement and the method used was different than the ones used in our study. Observed elution kinetics were similar to elution reported in a study from Gasparini et al [19] although in this study a different methodology was used.
In an in vivo study, Hsieh et al. [20] , using 4 g vancomycin and 4 g aztreonam per 40 g PMMA hand-made spacers, found high levels of vancomycin with more than 1000 µg/ml on postoperative day 1, and still more than 500 µg/ml on day 7. However, in another in vivo study, using 2 g vancomycin per 40 g PMMA, different concentrations of vancomycin and gentamicin from spacers were measured, with peak mean concentrations of 37 µg/ml, and 21 µg/ml respectively [21] . This study found higher concentrations of antibiotics in the drainage fluid from beads than from spacer (2-6 time higher), due to their larger surface area, according to the authors.
Most studies [18, 19, 22] showed a burst release of antibiotics during the first hours or days, followed by a more stable rate of elution from PMMA. Nevertheless, Galvez-Lopez et al. [18] found three different patterns of elution depending on the antibiotic tested. The majority of antibiotics showed a triphasic pattern with a progressive increase in the first 24 hours, following by a decrease and a final phase with a low and steady decline, but some antibiotics like vancomycin and gentamicin showed constant elution kinetics during 30-days. We found similar results, although some differences were observed during the first week as we found no burst release for vancomycin.
In a prospective study, Nelson et al. [23] followed 36 patients undergoing a two-stage procedure. They found that positive sonication of spacers was predictive of failure (defined by reinfection at 2-year follow-up). Fifty percent (9 of 18) patients with positive sonication were reinfected, compared to 11% (2 of 18 patients) with negative sonication. In a recent prospective analysis of 50 spacers, Esteban et al. [24] showed that high colony counts from sonicate culture of antibiotic-load cement spacer was associated with worse clinical outcomes.
However, sonication reliability of bone cement remains unclear. Some discrepancies between sonication results and clinical outcomes following two-staged procedures were reported. Sorli et al. [25] found clinical failure in 18 of 55 patients following a two-stage procedure. Among these failures, only 7 had been diagnosed with a subclinical infection (positive culture from sonicated spacer fluid or two or more tissue specimen positive). These results are in agreement with our personal experience, according to which sonicated spacers often are culture negative. This fact could be explained by the elution of antibiotics from spacer by sonication according to the results of the present in vitro study.
There are however some limitations in this study. First, this is an in vitro experiment and, although samples were kept at 37° and the PBS was changed once a week to mimic physiologic fluid turnover, only assumptions can be made for application in clinical practice. In most in vitro studies on antibiotic elution PBS is changed once a day the first week, even more often the first 24 hours [18, 22, 26, 27] in order to accurately analyze antibiotic elution. However, the main objective of the present study was to examine the effect of sonication, whereas antibiotic elution was a secondary objective. We used blocks of PMMA impregnated with 1.25-5 % w/w concentrations of antibiotics. Giving the variety of PMMA shapes and antibiotic concentrations in PMMA used in clinical practice, elution rate could be very different and could lead to concentrations apart from MIC. In such cases, sonication process could have no effect on the final result of spacer sonication. Despite these limitations, we think that results from the present study could be useful in clinical practice in the setting of two-stage exchange procedures and suggest to be careful in case of negative sonicated culture.
We conclude that the sonication process increases antibiotic elution from PMMA, leading to higher antibiotic concentrations in the sonicated fluid, and could therefore lead to false negative culture results of sonicated spacers. 
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